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© Operational amplifier. 



© An op-amp comprising a single gain stage am- 
plifier cascaded with a buffer and an output stage. 
The buffer comprises an amplifier which isolates the 
gain stage from the output stage to prevent loading 
of the gain stage and create a more linear op-amp. 
For frequency compensation, the op-amp utilizes 
MOSFETs connected in a reversed biased configu- 



ration as load compensation capacitors. This tech- 
nique reduces the non-linear effects of MOSFET 
gate capacitors utilized in conventional Miller com- 
pensation schemes and allows for digital fabrication 
technology of low distortion, low power supply oper- 
ational amplifier design. 
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The present invention relates to operational 
amplifiers (op-amps) and, more particularly, to low 
distortion operational amplifiers operating from a 
low voltage power supply. 

Audio chips presently enable personal comput- 
ers (PCs), compact disk (CD) players, and other 
portable audio devices to execute high quality 
audio applications. Typical audio chips comprise 
digital circuitry which occupies approximately 75- 
80% of the audio chip's silicon space and analog 
circuitry which occupies the remaining 20-25%. 
Typically, the analog circuitry comprises an analog- 
to-digital (A/D) converter, digital-to-analog (D/A) 
converter and some output amplifiers. Its main 
function is to convert an analog input into a digital 
format suitable for the digital circuitry to process, 
then convert the digital signals back into an analog 
format suitable to drive an output device, such as a 
speaker. The digital circuitry occupies the majority 
of the silicon area and typically performs digital 
signal processing, such as filtering, noise shaping, 
and synthesizing, on the converted analog signals. 
The main function of these audio chips is to imple- 
ment an entire audio system on one piece of 
silicon. 

The conventional analog circuitry utilized to 
implement high quality audio chips comprises an 
op-amp having: 1) two gain stages; 2) a highly 
linear Miller compensation capacitor positioned be- 
tween the two gain stages; and 3) an output stage 
connected to the output of the second gain stage. 
The output stage loads (i.e., draws excessive cur- 
rent from) the second gain stage and, therefore, 
two gain stages are required to achieve acceptable 
gain from the op-amp. The Miller frequency com- 
pensation capacitor must be connected between 
the two gain stages to ensure that the op-amp 
receives sufficient frequency compensation to pro- 
duce a linear output having an acceptable level of 
harmonic distortion. 

Unfortunately, the position of the Miller com- 
pensation capacitor between the two gain stages 
precludes its implementation using a metal-oxide- 
silicon field-effect transistor (i.e., MOSFET) con- 
nected as a capacitor (i.e., a MOSFET gate capaci- 
tor). That is, implementing the Miller compensation 
capacitor with a MOSFET gate capacitor is un- 
desirable because its connection between the gain 
stages would cause it to forward bias as its gate 
voltage approached and exceeded the threshold 
voltage, resulting in the capacitance of the MOS- 
FET gate capacitor becoming highly non-linear. As 
the capacitance of the MOSFET gate capacitor 
becomes increasingly non-linear, the op-amp's gain 
becomes non-linear and, therefore, its output pro- 
duces a total harmonic distortion between -70 to 
-75 dB. The level of total harmonic distortion re- 
quired for CD quality applications is less than -96 



dB, thus rendering the Miller MOSFET compensa- 
tion scheme unacceptable. 

Accordingly, a highly linear plate capacitor 
must implement the Miller compensation capacitor. 

5 Either a digital or analog fabrication process may 
be used to fabricate the plate capacitor, but each 
has a particular disadvantage. The digital fabrica- 
tion process (i.e., a single-poly process) could be 
used to form a thick oxide plate capacitor, but that 

w process requires large amounts of silicon to imple- 
ment. Because the thick oxide plate capacitor con- 
sumes large amounts of the audio chip's silicon, 
the digital fabrication process is not typically used. 
The analog fabrication process may be used to 

15 form a thin oxide plate capacitor, but the process 
requires costly additional steps, including the addi- 
tion of a second layer of polysilicon with a layer of 
silicon dioxide interposed to form the thin oxide 
plate capacitor. Even though this fabrication pro- 

20 cess is very expensive, it is nevertheless conven- 
tionally used because, as previously mentioned, a 
highly linear compensation capacitor must be con- 
nected between the two gain stages. 

Thus, considering the limited amount of space 

25 on the audio chip for the op-amp, the large silicon 
requirements of the thick oxide plate capacitor or 
the additional costly layer requirements of the thin 
oxide plate capacitor provide an inadequate solu- 
tion in the implementation of high quality audio 

30 chips. 

Due to the aforementioned problems associ- 
ated with presently available audio chips, a de- 
mand exists for a low cost, high quality op-amp 
which may be fabricated entirely using a digital 

35 fabrication process that does not significantly im- 
pact chip size or the amount of silicon required for 
fabrication. Furthermore, the op-amp must be ca- 
pable of operating from a 3.3 volt power supply 
and provide a very low total harmonic distortion 

40 such that its output approximates the output quality 
of compact disks. To accomplish this, the op-amp 
must provide adequate amplification of audio sig- 
nals and, at the same time, generate no more than 
-96 db total harmonic distortion. Accordingly, am- 

45 plification must be independent of frequency (i.e. 
highly linear) to preserve the integrity of the input 
signal. This op-amp represents a significant im- 
provement because it furnishes both a cost and 
size effective audio amplifier for use in all high 

50 quality audio applications, including battery power- 
ed or portable communication and computer pro- 
ducts. 

We will describe an operational amplifier (op- 
amp) which operates to work with low supply vol- 
55 tages and yet meets the gain and low distortion 
requirements for high quality PC audio applica- 
tions. The op-amp is particularly suited for use in 
battery powered or portable communication pro- 
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ducts. Furthermore, the op-amp solves many di- 
verse problems found in low power applications in 
the related art, for example, problems of distortion, 
stability, and fabrication. The design of this op-amp 
resolves many of those problems of the prior art 
due to the op-amp's unique "linearization" buffer 
and frequency compensation scheme. 

The described op-amp replaces the conven- 
tional dual gain stage op-amp with a single gain 
stage amplifier cascaded to a buffer and an output 
stage. The buffer comprises an amplifier which 
isolates the gain stage from the output stage to 
prevent loading and creates a more linear op-amp. 
In addition, the op-amp utilizes MOSFETs con- 
nected in a reversed biased configuration to pro- 
vide frequency compensation. This technique re- 
duces the non-linear effects of conventional MOS- 
FET gate capacitors, eliminates the expense of 
conventional thin and thick oxide plate capacitors, 
and enables the op-amp to be fabricated using a 
cost and size effective digital fabrication process. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 is a block diagram of a low distortion 
operational amplifier of the present invention. 

Fig. 2 is a detailed schematic diagram of a low 
distortion operational amplifier of the present inven- 
tion. 

Fig. 3 is a schematic diagram of a DC biasing 
circuit for use with the op-amp of Fig. 2. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

Fig. 1 depicts a block diagram of op-amp 100 
which comprises a cascade system of gain stage 
110, compensation capacitors 120 and 140, buffer 
130, and output stage 150. Op-amp 100 receives a 
differential audio input signal at negative and posi- 
tive terminals 106 and 105, respectively, and pro- 
duces an output signal at node 170. Depending on 
the desired gain, op-amp 100 may be configured in 
a variety of ways by selecting appropriate compo- 
nent values (not shown). For example, op-amp 
100*s gain may be varied by positioning a variable 
feedback resistor between node 170 and terminals 
105 or 106. 

Gain stage 110 receives the differential audio 
input signal at terminals 105 and 106 and amplifies 
the input signal to produce a single-ended output 
signal at node 115. Buffer 130 receives the output 
signal from gain stage 110 at node 115 and drives 
output stage 150 at node 135 with its buffered 
output signal. Output stage 150 supplies current to 
load 180 at node 170 in response to the output 
signal received from buffer 130. Load 180 typically 
comprises a reactive device which produces ca- 



pacitive and resistive loading of op-amp 100. Com- 
pensation capacitors 1 20 and 1 40 connect between 
nodes 115 and 135, respectively, and a reference 
potential (e.g. ground) to provide frequency com- 

5 pensation of op-amp 100. 

Fig. 2 depicts a schematic diagram showing 
the individual components that comprise op-amp 
100. In the preferred embodiment, gain stage 110 
comprises a single stage folded cascode amplifier. 

10 Any suitable amplifier may implement gain stage 
110, although the single stage folded cascode am- 
plifier shown in Fig. 2 is particularly advantageous 
because of its favorable output voltage swing. By 
using this cascode amplifier, the output of gain 

15 stage 110 at node 115 swings nearly rail-to-rail, 
allowing gain stage 110 to operate from a low 
voltage supply, such as 3.3 volts. The cascode 
amplifier of gain stage 110 is the subject matter of 
copending U.S. Patent Application Serial No. 

20 08/085,898, entitled "Operational Amplifier for Low 
Supply Voltage Applications," filed June 30, 1993 
and assigned to the assignee of the present inven- 
tion. 

The cascode amplifier of gain stage 110 is 

25 designed to have a minimum voltage drop across 
P-channel source transistors 121, 124, and 128 and 
N-channel sink transistors 133 and 136 so that 
output 115 can swing over a greater range. This 
cascode amplifier includes both a single stage am- 

30 plifier section and a network of DC biasing circuitry 
(see Fig. 3). The single stage amplifier section 
comprises inverting input 106, non-inverting input 
105, P-channel transistors 121, 122, 124, 126, 128, 
and 131, N-channel transistors 133, 134, 136, and 

35 138, and output 115. When the voltages at inputs 
105 and 106 are equal and within the operating 
range of the cascode amplifier, the current in tran- 
sistors 121, 122, 133, and 134 (i.e., the output 
stage) is balanced. When inputs 105 and 106 have 

40 a differential voltage across them, the output stage 
has a current imbalance and either pulls high or 
low. One significant aspect of this cascode am- 
plifier is the particular implementation of the current 
mirror formed by transistors 121, 122, 128, and 

45 131. Through these particular aspects, the cascode 
amplifier's transistors remain in saturation and the 
cascoded load improves power supply rejection 
and open-loop gain. 

The bias circuit shown in Fig. 3 furnishes DC 

50 biasing to the bias terminals of the cascode am- 
plifier and, furthermore, is also the subject matter 
of copending U.S. Patent Application Serial No. 
08/085,898. The bias circuit of the cascode am- 
plifier comprises P-channel transistors 171, 172, 

55 174, and 176 and N-channel transistors 151, 153, 
155, 156, 158, 161, 162, and 164. Inputs to the bias 
circuit comprise dual biasing circuitry inputs 196 
and 198. The bias circuit establishes bias voltages 
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on current sink transistors 133 and 136 and 
cascode transistors 122, 126, 131, 134, and 138. In 
this manner, the current mirroring between transis- 
tors 128 and 121 and between current sink transis- 
tors 133 and 136 cause those transistors to remain 
the saturation region for all values of output swing. 

Referring to Fig. 2, terminals 105 and 106 are 
supplied by an audio differential input signal. Gain 
stage 110 amplifies the differential input signal and 
produces a single ended output signal at node 115. 
Gain stage 110 is unsuited for directly driving out- 
put stage 150 because output stage 150 and load 
180 would draw excessive current from gain stage 
110. The combined loading of output stage 150 
and load 180 would force the gain MOSFETs in 
gain stage 110 to operate in their more non-linear 
regions, resulting in reduced gain and distortion of 
the output signal from gain stage 110. 

Accordingly, buffer 130 connects to the output 
of gain stage 110 at node 115 and the input of 
output stage 150 at node 135 to effectively isolate 
gain stage 110 from output stage 150 and load 
180. In the preferred embodiment, buffer 130 com- 
prises amplifier 132, which may be implemented 
using the single stage folded cascode amplifier 
utilized for gain stage 110. However, amplifier 132 
may be implemented using any suitable buffer 
device, such as a single stage push-pull amplifier 
capable of swinging nearly rail-to-rail. 

Amplifier 132 has a large input impedance, 
while gain stage 110 has a large output impedance. 
Therefore, the output of gain stage 110 couples to 
a corresponding large input impedance at node 
115 to virtually eliminate resistive/capacitive load- 
ing. As a result, gain stage 110 can be imple- 
mented with a single gain stage amplifier, as op- 
posed to a dual gain stage amplifier, and continues 
to provide adequate gain. Thus, gain stage 110 
amplifies the differential audio input signals applied 
at terminals 105 and 106 to produce an undistor- 
ted, linearized output signal having a maximum 
gain, which it delivers to amplifier 132. 

Amplifier 132 is configured as a voltage fol- 
lower and is biased using a 3.3 volt power supply 
V DD . Amplifier 132 receives the output signal from 
gain stage 110 at its non-inverting input (node 115) 
and buffers the signal to produce an output signal 
at node 135. Amplifier 132 receives direct feedback 
from node 170 to its inverting input to stabilize and 
linearize the output of amplifier 132. As a result, 
the voltage at node 1 70 follows the voltage at node 
115. To keep the voltages at nodes 170 and 115 
virtually equivalent, amplifier 132 provides addi- 
tional amplification to compensate for the threshold 
voltage drop across the base and emitter of emitter 
follower 152. Thus, amplifier 132 transfers the out- 
put signal from gain stage 110 to output stage 150 
with minimum distortion to ensure a linearized out- 



put from output stage 150. 

Output stage 150 is a Class A shunt feedback 
follower configuration comprising emitter follower 
152 and current sink 154. Emitter follower 152 

5 comprises an NPN bipolar junction transistor hav- 
ing its collector connected to 3.3 volt power supply 
V DDl its base connected to the output of amplifier 
132 and its emitter connect to output node 170. 
Current sink 154 comprises an enhancement-type 

10 N-channel MOSFET having its drain connected to 
output node 170 and its source connected to the 
reference potential. A bias circuit, such as the bias 
circuit disclosed in U.S. Patent Application Serial 
No. 08/085,898, biases the gate of current sink 154 

;5 at bias point 198 using classical current mirroring 
techniques to drive current sink 154 into its satura- 
tion region. As a result, current sink 154 operates 
as a constant current sink to ensure that changes 
in the audio input signal will be reflected solely at 

20 output node 170 and, thus, load 180. 

Specifically, as the output from amplifier 132 
into the base of emitter follower 152 changes in 
response to a changing audio input signal, current 
sink 154 draws constant current unless the voltage 

25 at node 135 drops so low that emitter follower 152 
turns off. Because current sink 154 operates in- 
dependently of emitter follower 152 to draw con- 
stant current, load 180 experiences any increase or 
decrease in current from the emitter of emitter 

30 follower 152. Although output stage 150 has been 
implemented utilizing an emitter follower, any suit- 
able output stage could be substituted, such as a 
source follower. 

Compensation capacitors 120 and 140 each 

35 comprise an N-channel MOSFET connected in a 
reversed biased configuration. Because compensa- 
tion capacitors 120 and 140 are MOSFETs, they 
are fabricated using the standard digital fabrication 
process and use a minimum of silicon space. 

40 Therefore, op-amp 100 can be fabricated in its 
entirety using the standard digital fabrication pro- 
cess. In the preferred embodiment, gain stage 110 
and buffer 130 are single stage cascode amplifiers 
and, therefore, each have one dominant pole at its 

45 respective output. As a result, compensation ca- 
pacitors 120 and 140 connect between nodes 115 
and 135, respectively, and ground to provide fre- 
quency compensation. 

Specifically, compensation capacitor 120 has a 

50 gate connected to ground and a source, drain, and 
bulk connected to node 115, while compensation 
capacitor 1 40 has a gate connected to ground and 
a source, drain, and bulk connected to node 135. 
Because compensation capacitors 120 and 140 

55 have grounded gates, they are always turned OFF, 
thereby eliminating the non-linear effects of con- 
ventional MOSFET gate capacitors. As the output 
frequency increases, the impedance of compensa- 
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tion capacitors 120 and 140 decreases, thereby 
decreasing the gain of gain stage 110 and buffer 
130 at higher frequencies. This technique places 
the dominant poles well below unity gain band- 
width, prevents oscillation, and creates a stable, 
linear output. 

The described arrangement overcomes the 
limitations in the related art and is particularly ef- 
fective when configured and employed as de- 
scribed herein, however, those skilled in the art will 
readily recognize that numerous variations and 
substitutions may be made to the invention to 
achieve substantially the same results as achieved 
by the preferred embodiment. Therefore, the de- 
tailed description is to be clearly understood as 
being given by way of illustration and example 
only, the spirit and scope of the present invention 
to be limited solely by the following claims: 

Claims 

1. An operational amplifier comprising: 

a gain stage having an input and an out- 
put; 

an output stage having an input and an 
output for driving a load; and 

a buffer for isolating said gain stage from 
and said output stage, said buffer having an 
input connected to said output of said gain 
stage and an output connected to said input of 
said output stage. 

2. The operational amplifier according to claim 1 
further comprising a first frequency compensa- 
tion capacitor connected between said output 
of said gain stage and a reference potential. 

3. The operational amplifier according to claim 2 
further comprising a second frequency com- 
pensation capacitor connected between said 
output of said buffer and said reference poten- 
tial. 

4. The operational amplifier according to claim 1 
wherein said gain stage comprises a single 
stage amplifier. 

5. The operational amplifier according to claim 4 
wherein said single stage amplifier comprises 
a single stage folded cascode amplifier. 

6. The operational amplifier according to claim 2 
wherein said first frequency compensation ca- 
pacitor comprises a MOSFET. 

7. The operational amplifier according to claim 6 
wherein said first frequency compensation ca- 
pacitor further comprises said MOSFET having 



a gate connected to said reference potential 
and a drain, source, and bulk connected to 
said output of said gain stage to reverse bias 
said MOSFET. 

5 

8. The operational amplifier according to claim 3 
wherein said second frequency compensation 
capacitor comprises a MOSFET. 

10 9. The operational amplifier according to claim 8 
wherein said second frequency compensation 
capacitor further comprises said MOSFET hav- 
ing a gate connected to said reference poten- 
tial and a drain, source, and bulk connected to 

75 said output of said buffer to reverse bias said 
MOSFET. 

10. The operational amplifier according to claim 1 
wherein said buffer comprises an amplifier 

20 having a non-inverting input connected to said 

output of said gain stage and an inverting input 
connected to said output of said output stage. 

11. The operational amplifier according to claim 10 
25 wherein said amplifier comprises a folded 

cascode amplifier. 

12. The operational amplifier according to claim 1 
wherein said output stage comprises a voltage 

30 follower connected to a current sink. 

13. The operational amplifier according to claim 12 
wherein said voltage follower comprises an 
emitter follower having a collector connected to 

35 a power supply, a base connected to said 
output of said buffer, and an emitter connected 
to said output of said output stage. 

14. The operational amplifier according to claim 12 
40 wherein said current sink comprises a MOS- 
FET having a drain connected to said output of 
said output stage, a gate biased in the satura- 
tion region, and a source connected to a refer- 
ence potential. 

45 

15. The operational amplifier according to claim 3 
fabricated using a digital fabrication process. 

16. The operational amplifier according to claim 1 
so wherein said gain stage, said buffer, and said 

output stage are biased using a 3.3 volt DC 
power supply. 
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